Betel is a native medicinal plant from central and eastern parts of Peninsular Malaysia. It is now an important commercial crop in India and Sri Lanka. There are various beneficial bioactivities discovered in this herb including anti-carcinogenic, anti-inflammatory, antioxidant, and antimicrobial properties. Freeze drying is one of the common methods used to dehydrate the herbal aqueous extract. This work studied the freezing process of aqueous extract of betel leaves (Piper betle L.). The effects of different freezing temperatures on the freezing kinetics were investigated. Freezing temperatures of -20, -25, -30°C were selected for the study. The freezing time which was taken as the time required for the temperature of the sample to reach the freezing temperature was determined from the kinetics data. The freezing point of betel leaves extract was determined as -4°C. The freezing process was described with numerical model. The predicted data showed good agreement with the experimental results.
INTRODUCTION
Betel (Piper betle L.), which locally known as Sirih, belongs to the genus Piper of Piperacea family. Betel plant is an aromatic creeper with alternate, smooth, shining, and long stalked leaves with pointed apex. Its heart-shaped leaves can grow up to the size of 18 cm length and 12 cm width (Jaganath and Ng, 2000) . This plant is originated from central and eastern part of Peninsular Malaysia. It grows well in warm and humid climatic condition, usually in low country, villages, and also grows wild in forest undergrowths. Today it spreads throughout Asia's tropical region and east Africa. Besides, it is a commercial herb that widely cultivated by thousands of betel growers in many parts of India and Sri Lanka (Guha, 2006) . Many scientific researches have been carried out and various beneficial bioactivities were discovered in this plant including antimutagenic, anticarcinogenic, antioxidant, antidiabetic, and anti-inflammatory (Amonkar et al., 1986; Padma et al., 1989; Dasgupta and De, 2004; Arambewela et al., 2005; Mazura et al., 2007) .These bioactivities depend on the content of the phytochemicals within the plant. Freeze drying is the ideal dehydration process to produce the dried extract of the herb without damaging the phytochemicals which are mostly heat-sensitive.
Freezing is the first step in freezing drying process. It plays an important part in the overall performance of the process. The freezing step is to freeze the substance to a stage at which water and dissolved solids are fully crystallized. Determination of the freezing time will help to optimize the process. The freezing time prediction methods are divided into three types including exact closed-form solution, approximate closed-form solution and numerical solution (Delgado and Sun, 2001 ). Though relatively difficult to solve, numerical solution offers better prediction because the effects of thermal properties change and phase change during freezing are considered in the solution (Delgado and Sun, 2001) .
This work studied the freezing process of betel leaves extract under three different temperatures. The freezing kinetics data were collected from the process to determine the freezing point and understand the process. Many models have been proposed and solved for prediction of solid freezing but there is a lack of models for freezing of liquid. In this work, the freezing process of betel leaves extract was described using numerical model developed by Ilicali et al.(2007) for prediction of solid freezing.
METHODOLOGY

Materials
Betel leaves were collected from selected locations and authenticated by Miss Zainon Abu Samah (Ethnobotanist) and kept in Specimen Room of Medicinal Plants Division, Forest Research Institute Malaysia (FRIM). The voucher specimen was registered with no. FRI 45491. The leaves were cleaned to remove dirt and foreign matters. The betel leaves were dried with Drying Oven (Model Memmert UFE-800). The dried leaves were then extracted with pure water. After filtration, the aqueous extract was freeze-dried with Freeze Dryer (Model 35 XL Genesis, Virtis). The betel leaves extract concentration was expressed in percentage of solid content (%wt). The concentration used in this study was 20 %wt. The experiment samples were prepared by dissolving the freeze-dried extract with RO water.
Freezing experiments for betel leaves extract
The freezing of the extract of betel leaves was carried with freeze dryer (Model 35 XL, Genesis). The extract was filled into stainless steel tray and placed on the thermal shelf which was installed in the drying chamber. The thermal shelf removes heat from the extract during freezing. The temperature of thermal shelf was set using control panel. The temperature was referred as freezing temperature in the experiments. Three freezing temperatures studied in the work were -20, -25, and -30 o C. There were two thermal couples embedded into the centre of the sample to measure its temperature during the freezing process. The amount of betel leaves extract used in each run was 1.5 L. The change of temperatures of thermal shelf (T fr ) and sample (T) during process was recorded at the selected interval. The data recording interval is shorter for freezing temperature of -30 o C because a more rapid change in temperature was expected. The data was recorded until the sample temperature achieved the freezing temperature.
Development of numerical modeling
The heat transfer of the freezing process of betel leaves extract was illustrated in Figure 1 . The thickness of the extract is given as a. The heat is removed from the extract from the top and bottom which is in direction of x and -x. The heat conduction is unidirectional in which the heat is transferred out of the extract to the thermal shelf and drying chamber. The extract filled in the tray is assumed as an infinite slab since its thickness is much smaller than its length and depth. The resistance of the tray to heat transfer is neglected because its thickness is small (1mm) and its thermal conductivity is high compared to the extract. The unsteady state unidirectional heat conduction equation for infinite slab with thickness = a was given as:
where T is product temperature ( o C) , ρ is the density of the extract (kg/m 3 ), C p is the specific heat capacity of the extract (J/kg o C), t is time (s), x is the distance from x-axis (m), and k is the thermal conductivity of the extract (W/m o C). It is assumed that the material is homogeneous. These physical properties of the extract are temperature-dependent and its prediction correlations are discussed in section 2.4. Rearranging Eq. (1),
The partial differential equation (PDE) above is solved by approximations of first derivative in time and second derivative in space with explicit finite difference method. The first derivative is given as: where Δt is time step, Δx is grid size and i,j is referring to the coordinate in the grid system as shown in Figure 2 .
Substitute Eqs. (3) and (4) into Eq. (2) yields: minutes. These conditions were selected to provide better prediction based on preliminary works. The truncation error for the selected grid size and time step was less two percent. The initial and boundary conditions were:
where T in is initial product temperature ( o C) and h is heat transfer coefficient (W/m 2o C).
Prediction of physical properties of betel leaves extract
The physical properties of betel leaves extract including k, ρ, and C p are changing after the freezing point. This is because the composition of water and ice in the extract varies as the freezing process progresses. Different correlations were incorporated into simulation program to predict the physical properties. The correlations used were given as below. The density of the extract was calculated from (Fikiin and Fikiin, 1999) :
where φ is the water content (kg water/ kg material),ω is the ice fraction (kg ice/ kg water), T cr is the freezing point ( o C), ρ d is the density of dry solid, ρ w is the density of water, and ρ i is the density of ice at 0 o C which equals to 921 kg/m 3 (Choi and Okos, 1986) . The value of ω is equal to zero above freezing point. The value of ω is computed using Eq. (6b) below freezing point as the ice starts to form.
Thermal conductivity of the extract was calculated from (Choi and Okos, 1986) :
Before freezing:
Below initial freezing point:
where k un is the thermal conductivity of unfrozen extract (W/m o C), k fr is the thermal conductivity of frozen exract (W/m o C), k d is the thermal conductivity of dry solid (W/m o C), k w is the thermal conductivity of water, and k i is the thermal conductivity of ice.
Specific heat capacity of the extract, C p , was calculated with (Fikiin and Fikiin, 1999 
where C p,un is the specific heat capacity of unfrozen extract (J/kg o C), C p,fr is the thermal conductivity of frozen extract (J/kg o C), and L is the latent heat of the extract (kJ/kg). 
2.5
Numerical simulation
A computer program was developed using FOTRAN to simulate the problem. The heat transfer coefficients for different freezing temperatures were determined from the curve fitting of the cooling section of the freezing process because there is lack of data for its value. The heat transfer coefficients were then applied in predicting the whole freezing process.
Correlation coefficient (R 2 ) was the criteria selected to evaluate the agreement between the experimental data and the models. The parameter was calculated using:
The closer the value of R 2 to unity represented a better agreement between experimental results and predicted data.
RESULTS AND DISCUSSION
From the freezing kinetics data, the freezing process of the betel leaves extract consisted of three sections including cooling, freezing and subcooling (as shown Figures 3 -5) . In the cooling section, the temperature of the extract dropped as heat transferred out of the extract until it reached its freezing point which the drop of extract temperature reduced. The freezing point of the extract was about -4 o C. The extract achieved the freezing point in shorter time when the lower freezing temperature used. This was because the increase of temperature gradient between the extract and the ambient enhanced the heat transfer across the slab.
After the freezing point, the cooling rate reduced and the extract temperature dropped relatively slow as the phase change took place. The extract started to freeze gradually. A significant reduce of extract temperature was observed when the extract was frozen. The extract was further cooled to the freezing temperature. The freezing kinetics data indicated that the time required to reach the freezing temperature was shorter when a lower freezing temperature was employed. The freezing times were 270, 160, and 120 minutes for freezing temperature at -20, -25 and -30, respectively. This was resulted from the increase of temperature gradient between the extract and freezing temperature. Table 1 . The actual freezing time was shorter than the numerical results. The increase of freezing time in the predicted results could be caused by the negligence of natural convection in the model. The model considered only heat conduction but the freezing of extract in liquid form involved natural convection. Heat transferred within the liquid extract was more effective with the convection and thus shorten the freezing time. 
CONCLUSIONS
The effect of freezing temperature on the freezing kinetics of betel leaves extract was successfully studied. The freezing point of the extract with 20%wt was about -4 o C. Lower freezing temperature shortened the freezing time. The proposed numerical model showed good agreement with the experimental data but improvement is required to predict the freezing time of liquid product more accurately. 
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